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Description 

[0001] This application is based on Japanese patent 
application Nos.2003-1 37912 and 2002-160630, the 
entire contents of which are incorporated herein by ref- 
erence. 

BACKGROUND OF THE INVENTION 

FIELD OF THE INVENTION 

[0002] This invention relates to a light emitting ele- 
ment with a wide bandgap enough to emit visible light 
to ultraviolet light and a method of making the same, 
and relates particularly to a light emitting element em- 
ploying a colorless, transparent and conductive sub- 
strate that transmits emit visible light to ultraviolet light, 
offering a vertical structure in electrode configuration, 
and allowing emitted light to be outputted from the sub- 
strate side and a method of making the same. 

DESCRIPTION OF THE RELATED ART 

[0003] Conventionally, a light emitting element with a 
composition of SiC substrate/n-GaN/p-GaN is known (e. 
g., Japanese patent application laid-open No. 
2002-255692). 

[0004] SiC is brown and transparent material, and it 
transmits visible light up to about 427 nm. Therefore, a 
light emitting element employing the SiC substrate al- 
lows emitted light to be outputted from the substrate 
side. 

[0005] The light emitting element employing a SiC 
substrate is manufactured by epitaxially growing Sic thin 
film on a SiC single crystal wafer to get the SiC sub- 
strate, then growing n-GaN and p-GaN layers on the 
substrate, cutting out light emitting element chips. 
[0006] However, there is a serious problem in the light 
emitting element employing/the SiC substrate. The SiC 
single crystal wafer has a bad crystalline quality such 
that there exist micro-pipe defects penetrating vertically 
in the SiC single crystal wafer. Therefore, it is required 
that, when making chips from a wafer having n-GaN and 
p-GaN layers grown thereon, the wafer must be care- 
fully cut while avoiding the micro-pipe defect. This caus- 
es a bad efficiency in the manufacture of light emitting 
element. 

[0007] On the other hand, SiC transmits up to light of 
blue region but does not transmit light of ultraviolet re- 
gion. When GaN-emitted light including visible light to 
ultraviolet light is outputted from the substrate side, the 
light of ultraviolet region cannot be transmitted there- 
through. Thus, ultraviolet light cannot be outputted from 
the substrate side. Furthermore, SiC is brown-colored 
and, therefore, when transmitting light through SiC, part 
of emitted light wavelength must be absorbed. 



SUMMARY OF THE INVENTION 

[0008] It is an object of the invention to provide a light 
emitting element that employs a colorless, transparent 
5 and conductive substrate that transmits emit visible light 
to ultraviolet light, offers a vertical structure in electrode 
configuration, and allows emitted light to be outputted 
from the substrate side and a method of making the 
same. 

w [0009] It is another object of the invention to provide 
a light emitting element with a good manufacturing effi- 
ciency and a method of making the same. 
[0010] According to the invention, a light emitting el- 
ement comprises: 

15 

a substrate of gallium oxides; and 
a pn-junction formed on the substrate. 

[0011] According to another aspect of the invention, 
20 a light emitting element comprises: 

a single crystal substrate of oxides including gallium 
as the major component; and 
compound semiconductor thin film formed on the 
25 single crystal substrate. 

[0012] According to a further aspect of the invention, 
a method of making a light emitting element, comprises 
the steps of: 

30 

growing a single crystal substrate including gallium 
as the major component by EFG (Edge-defined film 
Fed Growth) method where, in a high -temperature 
vessel of a controlled atmosphere, using a slit die 

35 that allows source material melt to be continually 
lifted above the slit die through the capillary phe- 
nomenon of a slit provided with the slit die and a 
crucible that accommodates the slit die and the 
source material melt, single crystal the cross sec- 

40 tion of which has the same shape as the top surface 
of the slit die is grown; and 
growing compound semiconductor thin film on the 
substrate, 

45 [0013] According to a further aspect of the invention, 
a method of making a light emitting element, comprises 
the steps of: 

providing single crystalline Ga 2 0 3 system seed 
so crystal and non-single crystalline Ga 2 0 3 system 
material; 

growing a single crystal substrate including gallium 
as the major component by FZ (Floating Zone) 
method where the Ga 2 0 3 system seed crystal and 
55 Ga 2 0 3 system material are contacted and heated 
such that the Ga 2 0 3 system seed crystal and 
Ga 2 0 3 system material are melted at the contacting 
portion, thereby crystallize the Ga 2 0 3 system ma- 
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terial; and 

growing compound semiconductor thin film on the 
substrate. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0014] Preferred embodiments of the invention will be 
explained with reference to the drawings, wherein: 

FIG.1 is a graph showing a temperature dependen- 
cy of resistivity of p-Ga 2 0 3 ; 
FIG.2 is a partly cross sectional and perspective 
view showing a crucible 6 to be inserted into FEG 
pulling vessel used in a method of making a light 
emitting element according to the invention; 
FIG. 3 is a partly cross sectional view showing an 
infrared heating single-crystal growing apparatus 
used in a method of making a light emitting element 
according to the invention; 
FIG.4 shows an atom arrangement in the case that 
GaN (001) face thin film is grown on (101) face of 
p-Ga 2 0 3 system single crystal substrate; 
FIG. 5 shows an atom arrangement in the case that 
GaN (001) face thin film is grown on (001) face of 
Al 2 0 3 system crystal substrate; 
FIG. 6 is an illustration showing an MOCVD appa- 
ratus used in a method of making a light emitting 
element according to the invention; 
FIG. 7 is a cross sectional view showing a first ex- 
ample of light emitting element according to the in- 
vention; 

FIG. 8 is a cross sectional view showing a modifica- 
tion of the first example in FIG.7; 
FIG. 9 is a cross sectional view showing a second 
example of light emitting element according to the 
invention; 

FIG. 10 is a cross sectional view showing a third ex- 
ample of light emitting element according to the in- 
vention; and 

FIG. 11 is a cross sectional view showing a fourth 
example of light emitting element according to the 
invention. 

DETAILED DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

[Substrate] 

[0015] p-Ga 2 0 3 substrate is conductive and, there- 
fore, a vertical-type LED in electrode configuration can 
be made. As a result, the entire light emitting element 
of the invention forms a current flowing path and, there- 
by, the current density can be lowered and the life of the 
light emitting element can be elongated. 
[0016] FIG.1 shows resistivity measurements of 
p-Ga 2 0 3 substrate. Measuring the resistivity of p-Ga 2 0 3 
substrate with n-type conductivity, as shown in FIG.1 , a 
resistivity of about 0.1 Q. cm is obtained at room temper- 



ature. Furthermore, the temperature dependency of re- 
sistivity is small in the temperature range where the light 
emitting element will be exactly used. Therefore, the 
light emitting element using the p-Ga 2 0 3 substrate has 

5 an excellent stability. 

[0017] Due to offering the vertical-type LED in elec- 
trode configuration, the step of etching its n-layer to ex- 
pose to form an n-electrode thereon is not needed. 
Therefore, the number of manufacturing steps can be 

10 decreased and the number of chips obtained per unit 
area of substrate can be increased. The manufacturing 
cost could be towered. 

[001 8] In contrast, when a sapphire substrate is used, 
the electrode configuration must be horizontal. In this 

'5 case, after thin layers of II l-V compound semiconductor 
such as GaN is grown, the step of etching and masking 
the n-layer to expose to form an n-electrode thereon is 
additionally needed to install the n-electrode. Compar- 
ing with this, when the electrode configuration is vertical 

20 as the case of GaAs system light emitting elements, the 
steps of etching and masking the n-layer is not needed. 
[0019] when a sic substrate is used, the lattice mis- 
match between SiC and GaN is substantially large. In 
case of SiC, multiple phases of 3C, 4H, 6H, 15R etc. 

25 exist and, therefore, it is difficult to obtain a substrate in 
a single phase. Also, due to the very high hardness, the 
processability is not good and it is difficult to get a 
smooth substrate. Observing it in atom scale, there exist 
a lot of steps with different phases on the surface of sub- 

30 strate. When a thin layer is grown on such a SiC sub- 
strate, it must have multiple crystalline types and differ- 
ent defect densities. Namely, in growing the thin layer 
on the SiC substrate, a number of cores with different 
crystalline qualities are first grown on the substrate and 

35 then the thin layer is grown such that the cores are com- 
bined. Therefore, it is extremely difficult to improve the 
crystalline quality of the thin layer. The lattice mismatch 
between SiC and GaN is reported theoretically 3.4 %, 
but it is, in fact, considerably greater than that value due 

40 to the above reasons. 

[0020] In comparison with SiC, p-Ga 2 0 3 is of a single 
phase and has a smooth surface in atom scale. There- 
fore, p-Ga 2 0 3 does not have such a substantially large 
lattice mismatch as observed in SiC. From the viewpoint 

45 of bandgap, SiC, e.g., 6H-SiC has a bandgap of 3.03 ev 
and is not transparent in the wavelength range of shorter 
than about 427 nm. Considering that the entire light 
emission range of lll-V system compound semiconduc- 
tors is about 550 to 380 nm, the available wavelength 

so range of SiC is only about two thirds of the entire range. 
In contrast, p-Ga 2 0 3 is transparent in the range of long- 
erthan about 260 nm, which covers the entire light emis- 
sion range of lll-V system compound semiconductors, 
and is available particularly in ultraviolet region. 

55 [0021] The substrate applicable to the invention, 
though it is basically of p-Ga 2 0 3> may be of an oxide 
that includes Ga (gallium) as the major component and, 
as the minor component, at least one selected from the 
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group of Cu, Ag,Zn, Cd, Al, In, Si, Ge and Sn. The minor 
component functions to control the lattice constant or 
bandgap energy. For example, the substrate may be 
(Al x ln Y Ga (1 . x . Y) ) 2 °3» where 0^x^1, 0^y^1 , and 
0^x+y^1. 

[Thermal Expansion Coefficient) 

[0022] From the viewpoint of thermal expansion, com- 
paring GaN having a thermal expansion coefficient of 
5.6 X 10~ 6 /K, p-Ga^ has that of 4.6 x 1 0/ 6 /K, which 
is nearly equal to sapphire (4,5 X 1 0* 6 /K) and more ad- 
vantageous than 6H-SiC (3.5 X 1 0' 6 /K). Thus, to reduce 
the difference of thermal expansion coefficients there- 
between is a key factor in enhancing the quality of grown 
film. 

[Bulk Single Crystal] 

[0023] The most advantageous point of p-Ga 2 0 3 is 
that it can give a bulk single crystal. In the light emission 
region of near-infrared to red obtained from, typically, 
GaAs system material, a bulk single crystal is always 
available and it allows a thin layer having an extremely 
small lattice mismatch to the substrate to be grown on 
the conductive substrate. Therefore, it is easy to make 
a light emitting element with low cost and high light emis- 
sion efficiency. 

[0024] In contrast, for GaN system and ZnSe system 
materials expected to give a blue LED, it is, in fact, im- 
possible to give a bulk single crystal. In the filed of these 
material systems, it has been a great deal tried to make 
a bulk single crystal that is conductive and transparent 
in the light emission region and that has a sufficiently 
small lattice mismatch. However, even now, this prob- 
lem is not solved. The p-Ga 2 0 3 substrate of the inven- 
tion can perfectly solve the problem. The invention en- 
ables the manufacture of the bulk single crystal with a 
diameter of 2 inches by EFZ method or FZ method and, 
thereby, the blue to ultraviolet LEDs can be developed 
in the same way as GaAs system LED. 

[Manufacture of Ga 2 0 3 single crystal by EFG method] 

[0025] FIG. 2 shows a crucible that is used to manu- 
facture a Ga20 3 single crystal by EFG method. The cru- 
cible 6 is used being inserted to an EFG pulling vessel 
(not shown). The crucible 6 is of, e.g., iridium and is pro- 
vided with a slit die 8 having a slit 8a through the capillary 
phenomenon of which p-Ga 2 0 3 melt 9 is lifted. 
[0026] The growth of single crystal by EFG method is 
performed as follows. p-Ga 2 0 3 as raw material is en- 
tered a predetermined amount into the crucible 6, being 
heated to melt, and, thereby, p-Ga 2 0 3 melt 9 is ob- 
tained. p-Ga 2 0 3 melt 9 is lifted above the slit die 8 pro- 
vided in the crucible 6 through the capillary phenome- 
non of the slit 8a to contact a seed crystal 7. Being 
cooled, a grown crystal 1 0 having an arbitrary sectional 



form is obtained. 

[0027] In detail, the crucible 6 of iridium has an inner 
diameter of 48.5 mm, a thickness of 1 .5 mm, and a 
height of 50 mm. Into the crucible 6, Ga 2 0 3 of 75 g as 

5 raw material is entered. Then, the slit die 8 which is 3mm 
thick, 20 mm wide, 40 mm high and 0.5 mm slit interval 
is set in the crucible 6. The crucible 6 is kept 1 , 760°C 
in ordinary atmosphere of nitrogen and at oxygen partial 
pressure of 5 X 1 0 -2 under 1 atm, the seed crystal 7 of 

10 p-Ga 2 0 3 is contacted to the p-Ga^ melt 9 being lifted 
through the capillary phenomenon of the slit 8a. The 
growth speed of single crystal is 1 mm/h. 
[0028] The single crystal is grown on the slit die 8 
while being defined by the shape of the slit die 8 and, 

15 therefore, the thermal gradient at the crystal growing in- 
terface is considerably smaller than CZ method. Further, 
P-Ga 2 0 3 melt 9 is supplied through the slit 8a and the 
crystal growth speed is higher than the diffusion speed 
of p-Ga 2 0 3 melt 9 in the slit 8a. Therefore, the evapo- 

20 ration of components included in p-Ga^ melt 9, i.e., a 
variation in composition of p-Ga 2 0 3 melt 9 can be effec- 
tively suppressed. As a result, a high-quality single crys- 
tal can be obtained. Also, to increase the size of single 
crystal can be easily achieved by increasing the slit die 

25 8 because the shape of grown crystal 10 is defined by 
the shape of the slit die 8. Thus, EFG method offers the 
increased size and high quality of Ga 2 0 3 single crystal, 
which were hard to achieve by CZ method. [Manufac- 
ture of GagOg single crystal by FZ method] 

30 [0029] FIG.3 shows an infrared heating single-crystal 
growing apparatus that is used to manufacture a Ga 2 0 3 
single crystal by FZ (Floating Zone) method. The infra- 
red heating single-crystal growing apparatus 100 in- 
cludes: a silica tube 102; a seed rotation section 103 

35 that holds and rotates a seed crystal 1 07 of p-Ga 2 0 3 
(hereinafter referred to as "seed crystal 107 ") ; a raw- 
material rotation section 104 that holds and rotates a 
pofycrystalline raw material 1 09 of p-Ga 2 0 3 (hereinafter 
referred to as "pofycrystalline raw material 109"); a 

40 heater 105 that heats the pofycrystalline raw material 
1 09 to melt it; and a controller 1 06 that controls the seed 
rotation section 103, raw-material rotation section 104 
and the heater 1 05. 

[0030] The seed rotation section 1 03 includes: a seed 
45 chack 133 that holds the seed crystal 107; a lower ro- 
tating shaft 132 that rotates the seed chack 133; and a 
lower drive section that drives the lower rotating shaft 
132 to rotate clockwise and move upward and down- 
ward. 

so [0031] The raw-material rotation section 104 in- 
cludes: a raw-material chack 143 that holds the top end 
1 09a of pofycrystalline raw material 1 09; an upper rotat- 
ing shaft 142 that rotates the raw-material chack 143; 
and an upper drive section 141 that drives the upper ro- 

55 tating shaft 142 to rotate counterclockwise and move 
upward and downward. 

[0032] The heater 105 includes: a halogen lamp 151 
that heats the pofycrystalline raw material 109 from the 
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diameter direction to melt it; an elliptic mirror 152 that 
accommodates the halogen lamp 151 and converges 
light radiated from the halogen lamp 151 to a predeter- 
mined portion of the polycrystalline raw material 109; 
and a power source 1 53 that supplies power to the hal- 
ogen lamp 151 . 

[0033] The silica tube 102 accommodates the lower 
rotating shaft 1 32, the seed chack 1 33, the upper rotat- 
ing shaft 1 42, the polycrystalline raw material 1 09, a sin- 
gle crystal 108 of p-Ga 2 0 3 and the seed crystal 107. 
The silica tube 1 02 is structured such that mixed gas of 
oxygen gas and nitrogen gas as inert gas can be sup- 
plied and sealed therein. 

[0034] The growth of p-Ga 2 0 3 single crystal is per- 
formed as follows. First of all, the seed crystal 107 and 
polycrystalline raw material 1 09 are prepared. The seed 
crystal 107 is obtained, e.g., by cutting out p-Ga 2 0 3 
along the cleaved surface. It has a diameter of less than 
one fifth of that of grown crystal or a sectional area of 
less than 5 mm 2 and has such a strength that it does 
not break when growing the p-Ga 2 0 3 single crystal. The 
polycrystalline raw material 109 is obtained by charging 
a predetermined amount of Ga 2 0 3 powder into a rubber 
tube (not shown), cold-compressing it at 500 MPa, then 
sintering it at 1500 °C for ten hours. 
[0035] Then, the end of the seed crystal 1 07 is fixed 
to the seed chack 133, and the top end 109a of poly- 
crystalline raw material 109 is fixed to the raw-material 
chack 1 43 - The top end of the seed crystal 1 07 is con- 
tacted to the bottom end of the polycrystalline raw ma- 
terial 1 09 by controlling upward and downward the po- 
sition of the upper rotating shaft 142. The positions of 
upper rotating shaft 1 42 and the lower rotating shaft 1 32 
are controlled upward and downward such that light of 
the halogen lamp 151 is converged on the top end of 
the seed crystal 1 07 and the bottom end of the polycrys- 
talline raw material 109. The atmosphere 102a in the 
silica tube 102 is filled with mixed gas of nitrogen and 
oxygen, the composition of which may vary between 
100 % nitrogen and 100 % oxygen, at a total pressure 
of 1 to 2 atm. 

[0036] When an operatorturns on a powerswitch (not 
shown), the controller 106 starts the single crystal 
growth control to the respective sections according to a 
control program as follows. Turning on the heater 105, 
the halogen lamp 151 starts heating the top end of the 
seed crystal 1 07 and the bottom end of the polycrystal- 
line raw material 1 09, melting their contacting portions 
to make a melt drop. In this stage, only the seed crystal 
107 is kept rotating. 

[0037] Then, the seed crystal 107 and the polycrys- 
talline raw material 109 are rotated in the opposite di- 
rection to each other such that their contacting portions 
are melted while being sufficiently mixed together. 
When a suitable amount of single crystal melt 108' of 
p-Ga 2 0 3 is obtained, the polycrystalline raw material 
1 09 stops rotating and only the seed crystal 1 07 keeps 
rotating, and then the polycrystalline raw material 109 



and the seed crystal 1 07 are pulled in the opposite di- 
rection to each other, i.e., upward and downward re- 
spectively to form a dash-neck which is thinner than the 
seed crystal 1 07. 
5 [0038] Then, the seed crystal 107 and the polycrys- 
talline raw material 109 are heated by the halogen lamp 
1 51 while being rotating at 20 rpm in the opposite direc- 
tion to each other, and the polycrystalline raw material 
109 is pulled upward at a rate of 5mm/h by the upper 
10 rotating shaft 1 42. In heating the polycrystalline raw ma- 
terial 1 09, the polycrystalline raw material 1 09 is melt to 
form the single crystal melt 108', which is then cooled 
to grow p-Ga 2 0 3 single crystal 1 08 that has a diameter 
of the same as or less than the polycrystalline raw ma- 
's terial 109. When a suitable length of single crystal is 
grown, the p-Ga 2 0 3 single crystal 108 is extracted. 
[0039] Next, the manufacture of substrate using 
p-Ga 2 0 3 single crystal 108 is conducted as follows. 
|}-Ga 2 0 3 single crystal 108 has a strong cleavage at 
20 (1 00) face when it is grown in b-axis <010> orientation 
and is, therefore, cleaved at planes parallel and vertical 
to (100) face to get a substrate. Alternatively, when it is 
grown in a-axis <100> orientation ore-axis <001> ori- 
entation, the cleavage at (100) or (001) face becomes 
25 weak and, therefore, the processability at all planes be- 
comes good and there is no limitation about the cleaved 
surface. 

[0040] Advantages in the manufacture of p-Ga 2 0 3 
single crystal 108 by FZ method are as follows. 

30 

(1) Large sized p-Ga 2 0 3 single crystal 1 08 having 
a diameter of more than 1 cm can be obtained since 
it is grown in a predetermined direction. 

(2) High crystalline quality can be obtained while 
35 suppressing the cracking and eutectic crystalliza- 
tion when p-Ga 2 0 3 single crystal 108 is grown in a- 
axis <100>, b-axis <010> ore-axis <001> orienta- 
tion. 

(3) p-Ga 2 0 3 single crystal 108 can be produced in 
40 good reproducibility and can be, therefore, applied 

to as a substrate for various semiconductor devic- 
es. 

[Growth of ll-VI group compound ZnSe thin film on 
45 p-Ga 2 0 3 substrate] 

[0041 ] On (1 01 ) face of p-Ga 2 0 3 system single crystal 
substrate, ZnSe thin film with p-type conductivity is 
grown at 350 °C by MOCVD (metal organic chemical 

50 vapor deposition) . Source gases for ZnSe are Dimethyl 
zinc and H2Se. Nitrogen as p-dopant is supplied by pre- 
paring NH3 atmosphere. Nitrogen is, as acceptor, 
doped while being substituted for Se. II group element 
may be Zn, Cd and Hg, and IV group element may be 

55 o, S, Se, Te and Po. ll-VI system compound applicable 
to the invention is, for example, ZnSe, znO etc. 
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[Growth of lll-V group compound thin film on p-Ga 2 0 3 
substrate] 

[0042] lll-V group compound thin film is grown by 
MOCVD. Ill group element may be B, Al, Ga, In and T1 , 
and V group element may be N, P, As, Sb and Bi. lll-V 
system compound applicable to the invention is, for ex- 
ample, GaN, GaAs etc. 

[0043] FIG. 4 shows an atomic arrangement in the 
case that GaN thin film is grown on (101) face of 
P-Ga 2 0 3 system single crystal substrate. In this case, 
(001) face of GaN is grown on (100) face of (3-Ga 2 0 3 
system single crystal. O atoms 70, 70, ... are arranged 
on (1 01 ) face of p-Ga 2 0 3 system single crystal. In FIG. 
4, oxygen (O) atoms 70 are represented by solid-line 
circle. The lattice constant of p-Ga 2 0 3 system single 
crystal in (1 01 ) face is a=b=0.289 nm, y M 1 6° . The lat- 
tice constant of GaN in (001) face is a G =b G -0.319 nm, 
Y G = 120° . In FIG.4, nitrogen (N) atoms 80 are repre- 
sented by dot-line circle. 

[0044] When GaN thin film is formed such that (001 ) 
face of GaN is grown on (1 01 ) face of p-Ga 2 0 3 system 
single crystal, the mismatch of lattice constant is about 
10 %, and the mismatch of angle is about 3 %. Thus, 
the arrangement of oxygen atoms of p-Ga 2 0 3 system 
single crystal is nearly identical to that of nitrogen atoms 
of GaN, and, therefore, GaN thin film can have a uniform 
plane structure. Even when GaN thin film is formed on 
(101) face of p-Ga 2 0 3 system single crystal without a 
buffer layer to be inserted therebetween, there is no 
problem about lattice mismatch. 
[0045] Alternatively, when In is added to p-Ga 2 0 3 sin- 
gle crystal to adjust the lattice constant, the lattice con- 
stant of GaN in (001) face becomes closer to that of 
P-Ga 2 0 3 system single crystal in (101) face. Therefore, 
GaN thin film can have a more uniform plane structure. 
[0046] FIG.5 shows an atomic arrangement in the 
case that GaN thin film is grown on Al 2 0 3 system crystal 
substrate. O atoms 75, 75, ... are arranged on (001 ) face 
of Al 2 0 3 system crystal. In FIG.5, oxygen (O) atoms 75 
are represented by solid-line circle. The lattice constant 
of Al 2 0 3 system crystal in (001 ) face is a A =b A =0.475 nm, 
T A =120° . The lattice constant of GaN in (001) face is 
a G = b G = 0.319 nm, Y G =:120 o . In FIG.5, nitrogen (N) 
atoms 80 are represented by dot-line circle. 
[0047] When GaN thin film is formed such that (001 ) 
face of GaN is grown on (00 1 ) face of Al 2 0 3 system crys- 
tal, the mismatch of lattice constant is about 30 %. 
Therefore, when GaN thin film is formed on Al 2 0 3 sys- 
tem crystal without a buffer layer to be inserted there- 
between, there occurs a problem that due to the lattice 
mismatch therebetween GaN thin film may have no uni- 
form plane structure. 

[Method of growing thin film on p-Ga 2 0 3 substrate] 

[0048] FIG. 6 schematically shows a MOCVD appa- 
ratus. The MOCVD apparatus 20 includes: a reaction 



vessel 21 equipped with an exhaust system 26 that in- 
cludes a vacuum pump and an exhauster (not shown); 
a susceptor 22 on which a substrate 27 is mounted; a 
heater 23 to heat the susceptor 22; a control shaft that 

5 rotates and moves upward and downward the susceptor 
22; a silica nozzle 25 that supplies source gases in the 
oblique or horizontal direction to the substrate; a TMG 
gas generator31 that generates trimethyl gallium (TMG) 
gas; a TMA gas generator 32 that generates trimethyl 

10 aluminum (TMA) gas: and a TMI gas generator 33 that 
generates trimethyl indium (TMI) gas. If necessary, the 
number of gas generators may be increased or de- 
creased. Nitrogen source is NH 3 and carrier gas is H 2 . 
When growing GaN thin film, TMG and NH 3 are used. 

15 When growing AIGaN thin film, TMA, TMG and NH 3 are 
used. When growing InGaN thinfilm, TMI, TMG and NH 3 
are used. 

[0049] FIG. 7 shows the cross sectional structure of 
a light emitting element 40 including semiconductor lay- 
20 ers grown by the MOCVD apparatus 20 in FIG. 6. 
[0050] The process of growing the semiconductor lay- 
ers by the MOCVD apparatus 20 is as follows. First of 
all, the substrate 27 is mounted on the susceptor 22 
while facing up the film-forming surface, and then it is 
25 set into the reaction vessel. At a temperature of 1020 
°C, TMG of 54 X 10' 6 mol/min, NH 3 of 41/min, H 2 of 21/ 
min and monosilane (SiH 4 ) of 2 X 10~ 11 mol/min are 
flown for 60 min, thereby 3 u,m thick Si-doped GaN (n- 
GaN) layer 1a is grown. 
30 [0051] Then, at a temperature of 1 030 °C, TMG of 54 
X 1 0" 6 mol/min. NH 3 of 41/min, H 2 of 21/min and biscy- 
clopentadienyl magnesium (CP 2 M g ) of 3.6 x 10" 6 mol/ 
min are flown for 20 min, thereby 1 \xrr\ thick Mg-doped 
GaN (p-GaN) layer 1b is grown. On the layer 1b trans- 
35 parent electrode (Au/Ni) 1h is deposited and then Mg- 
doped GaN 1b is made p-type by annealing. A bonding 
electrode (p-electrode) 1c is formed on the transparent 
electrode 1h, and a bonding wire 1f is bonded to the 
bonding electrode 1c while forming a ball 1e. Then, an 
40 n-electrode 1d is formed on the bottom surface of the 
substrate 27. Thus, the light emitting element 40 is ob- 
tained. 

[0052] The electrodes are formed by deposition or 
sputtering etc. They are of materials that offer ohmic 

45 contact to the layer or substrate on which the electrodes 
are formed. For example, to n-type conductivity layer or 
substrate, any one of metals including Au, Al, Co, Ge, 
Ti, Sn, In, Ni, Pt, W, Mo, Cr, Cu, and Pb, or an alloy in- 
cluding two or more of the metals (e.g., Au-Ge alloy), or 

50 two-layer structure selected from the metals (e.g., Al/Ti, 
Au/Ni and Au/Co), or ITO (indium tin oxide) is used. To 
p-type conductivity layer or substrate, any one of metals 
including Au, Al, Be, Ni, Pt, In, Sn, Cr, Ti and Zn. or an 
alloy including two or more of the metals (e.g., Au-Zn 

55 alloy and Au-Be alloy), or two-layer structure selected 
from the metals (e.g., Ni/Au), or ITO is used. 
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[Forming of thin layers with different carrier 
concentrations] 

[0053] For example, on n-GaN layer, another n-GaN 
layer with a carrier concentration lower than the n-GaN 
layer is formed, and, on the lower carrier concentration 
n-GaN layer, p-GaN layer and another p-GaN layer with 
a carrier concentration higher than the p-GaN layer are 
formed in that order. The carrier concentration can be 
differentiated by changing the amount of n-dopant or p- 
dopant added. 

[0054] When using the substrate of P-Ga 2 0 3 system 
single crystal and forming, on the substrate, a plurality 
of n-type layers with different carrier concentrations and 
a plurality of p-type layers with different carrier concen- 
trations, advantages (1) to (4) stated below are ob- 
tained. 

(1) Due to a carrier concentration lower than the 
substrate, the n-GaN layer grown on the substrate 
has a good crystalline quality and thereby the light 
emission efficiency is enhanced. 

(2) Due to the junction of n-GaN layer and p-GaN 
layer, the light emitting element having pn-junction 
is formed and therefore the light emission of a short 
wavelength is obtained through the bandgap of 
GaN. 

(3) Due to being of p-Ga 2 0 3 system single crystal, 
the substrate can enjoy a high crystalline quality 
and n-type good conductivity. 

(4) Due to being of p-Ga 2 0 3 system single crystal, 
the substrate can transmit light of ultraviolet region 
and therefore ultraviolet light to visible light can be 
emitted from the substrate side. 

[Forming of buffer layer] 

[0055] FIG. 8 shows a modification that the light emit- 
ting element in FIG. 7 further includes a buffer layer. Be- 
tween p-Ga 2 0 3 single crystal substrate 27 of the inven- 
tion and n-GaN layer 1a, there is formed a Al x Ga 1 . x N 
buffer layer (0^x^1) . The buffer layer is grown by the 
above-mentioned MOCVD apparatus. The p-n junction 
structure is grown by the above-mentioned method of 
growing thin film on J3-Ga 2 0 3 substrate. 
[0056] Examples of this invention are stated below. 

[Example 1 : Forming of n-GaN thin film on p-type 
conductivity substrate] 

[0057] The p-type conductivity substrate is made as 
follows. First, p-Ga 2 0 3 single crystal is prepared by FZ 
method. The p-Ga 2 0 3 polycryscalline raw material is 
obtained by uniformly mixing, for example, p-Ga 2 0 3 in- 
cluding MgO (p-dopant source) and charging a prede- 
termined amount of the mixture into a rubber tube, cold- 
compressing it at 500 MPa to form a stick, then sintering 
it at 1500 °C for ten hours in the atmosphere. Thereby, 



p-Ga 2 0 3 system polycrystalline raw material including 
Mg is obtained. By another way, p-Ga 2 0 3 seed crystal 
is provided. Under the growth atmosphere with total 
pressure of 1 to 2 atm, flowing mixture gas of N 2 and 0 2 

5 at 500 ml/min, the p-Ga 2 0 3 seed crystal and p-Ga 2 0 3 
system polycrystalline raw material are contacted to 
each other in the silica tube, and they are heated such 
that the P-Ga20 3 seed crystal and p-Ga 2 0 3 system 
polycrystalline raw material are melted at the contacting 

10 portion. The melting p-Ga 2 0 3 seed crystal and p-Ga 2 0 3 
system polycrystalline raw material are rotated at 20 
rpm in the opposite direction to each other, and p-Ga 3 0 3 
single crystal is grown at a rate of 5 mm/h during the 
rotation. As a result, on the p-Ga^ seed crystal, trans- 

15 parent and insulating p-Ga 2 0 3 system single crystal in- 
cluding Mg is obtained. The p-Ga 2 0 3 system single 
crystal is used as the substrate. The substrate is then 
annealed at a predetermined temperature (e.g., 950 °C) 
in oxygen atmosphere for a period and, thereby, the 

20 number of oxygen defects is decreased to give the p- 
type conductivity substrate. 

[0058] Then, the n-type conductivity thin film is formed 
on the substrate obtained. The thin film is grown by 
MOCVD method. First, the p-type conductivity substrate 

25 is set into the MOCVD apparatus. Keeping the substrate 
temperature at 1150 °C, H 2 of 20 l/min, NH 3 of 10 l/min, 
TMG of 1 .7 X 1 0" 4 mol/min and monosilane (SiH 4 ) dilut- 
ed to 0.86 ppm by H 2 of 200 ml/min are flown for 30 min. 
Thereby, about 2.2 u.m thick n-type conductivity GaN 

30 thin film with a carrier concentration of 1 .5 X 10 18 /cm 3 
is formed. 

[Example 2: Light emitting element with pn-junction] 

35 [0059] FIG.9 shows a light emitting element with pn- 
junction mounted on a printed circuit board. The light 
emitting element 40 includes: a Ga 2 0 3 substrate 41 of 
p-Ga 2 0 3 single crystal; a Al x Ga<|. x N buffer layer 42 
(0^x^1) formed on the Ga 2 0 3 substrate 41; a n-GaN 

40 layer 43 formed on the Al x Ga 1-x N buffer layer 42; a p- 
GaN layer 44 formed on the n-GaN layer 43; a transpar- 
ent electrode 45 formed on the p-GaN layer 44; a Au 
bonding electrode 47 formed on part of the transparent 
electrode 45; and a n-electrode 46 formed on the bottom 

45 surface of the Ga 2 0 3 substrate 41. The light emitting 
element 40 is mounted on the printed circuit board 50 
through a metal paste 51 and a bonding wire 49 is bond- 
ed to the bonding electrode 47 while forming a ball 48. 
[0060] The light emitting element 40 emits light at the 

50 pn-junction interface where the n-GaN layer 43 and p- 
GaN layer 44 are bonded. Emitted light is output such 
that part of emitted light is output, as output light 60, up- 
ward through the transparent electrode 45 and another 
part is first directed to the bottom of the Ga 2 0 3 substrate 

55 41, transmitting through the substrate 41, then being 
outputted upward after being reflected by the metal 
paste 51. Thus, the light emission intensity of is in- 
creased comparing the case that emitted light is directly 
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output. 

[Example 3: Flip-chip type light emitting element] 

[0061] FIG. 10 shows a flip-chip type light emitting el- 
ement. The light emitting element 40 includes: a Ga 2 0 3 
substrate 41 of p-Ga 2 0 3 single crystal; a A^Ga^x^ 
buffer layer 42 (0^x^1 ) formed on the Ga 2 0 3 substrate 
41 ; a n-GaN layer 43 formed on the A^Ga^xN buffer 
layer 42; a p-GaN layer 44 formed on part of the n-GaN 
layer 43; a n-electrode 46 formed on the n-GaN layer 
43; and a p-electrode 52 formed on the p-GaN layer 44. 
The light emitting element40 is flip-chip bonded through 
solder balls 63, 64 beneath the p-electrode 52 and n- 
electrode 46 to lead frames 65, 66. 
[0062] The light emitting element 40 emits light at the 
pn-junction interface where the n-GaN layer 43 and p- 
GaN layer 44 are bonded. Emitted light is output, as out- 
put light 60, upward transmitting through the Ga 2 0 3 sub- 
strate 41 . 

[Example 4: Do uble-hete restructure light emitting 
element] 

[0063] FIG.11 shows a double-heterostructure light 
emitting element. The light emitting element 40 in- 
cludes: a Ga 2 0 3 substrate 41 of p-Ga 2 0 3 single crystal; 
a AlyGa^yN buffer layer 42 (0^y^1) formed on the 
Ga 2 0 3 substrate 41; a n-Al z Ga 1 . 2 N cladding layer 55 
(0^Z<1) formed on the A^Ga-j^N buffer layer 42; a 
ln m Ga 1 . m N light-emitting layer 56 (0^m<1) formed on 
the n-A^Ga^N cladding layer 55; a p-AlpGa^pN clad- 
ding layer 57 (0^p<1, p>z) formed on the ln m Ga.|. m N 
light-emitting layer 56; a transparent electrode 45 
formed on the p-AlpGa^pN cladding layer 57; aAu bond- 
ing electrode 47 formed on part of the transparent elec- 
trode 45 ; and a n-electrode 46 formed on the bottom 
surface of the Ga 2 0 3 substrate 41. The light emitting 
element 40 is mounted on the printed circuit board 50 
through a metal paste 51 and a bonding wire 49 is bond- 
ed to the bonding electrode 47 while forming a ball 48. 
[0064] The bandgap energy of the n-Al z Ga 1 . z N clad- 
ding layer 55 is greater than that of the ln m Ga 1 . m N light- 
emitting layer 56, and the bandgap energy of the p- 
AlpGa^pN cladding layer 57 is greater than that of the 
ln m Ga Vm N light-emitting layer 56. 
[0065] The light emitting element 40 has the double- 
heterostructure where electron and hole as carriers are 
confined in the I^Ga^N light-emitting layer 56 to in- 
crease the probability of recombination therebetween. 
Therefore, the light emission efficiency can be remark- 
ably enhanced. 

[0066] Furthermore, emitted light is output such that 
part of emitted light is output, as output light 60, upward 
through the transparent electrode 45 and another part 
is first directed to the bottom of the Ga 2 0 3 substrate 41 , 
transmitting through the substrate 41 , then being out- 
putted upward after being reflected by the metal paste 



51. Thus, the light emission intensity of is increased 
comparing the case that emitted light is directly output. 

< Advantages of the invention> 

5 

[0067] 

(1) According to the invention, a light emitting ele- 
ment and a method of making the same that use 

10 the transparent and conductive substrate of bulk 
|3-Ga 2 0 3 single crystal can be provided. The light 
emitting element can be equipped with electrodes 
formed on the top and bottom and, therefore, the 
structure can be simplified to enhance the manu- 

15 facturing efficiency. Also, the efficiency of light out- 
putted can be enhanced. 

(2) Due to employing the p-Ga 2 0 3 system material, 
the substrate can be colorless, transparent and 
conductive. It can transmit visible light to ultraviolet 

20 light. The light emitting element made by using the 
substrate can have the vertical structure. Also, emit- 
ted light can be outputted from the substrate side. 

(3) Furthermore, the p-Ga 2 0 3 single crystal sub- 
strate has a processability better than a substrate 

25 of conventional materials, i.e., sapphire and SiC. 

[0068] Although the invention has been described 
with respect to the specific embodiments for complete 
and clear disclosure, the appended claims are not to be 
30 thus limited but are to be construed as embodying all 
modifications and alternative constructions that may oc- 
cur to one skilled in the art which fairly fall within the 
basic teaching herein set forth. 



1 . A light emitting element, comprising: 

40 a substrate of gallium oxides; and 

a pn-junction formed on said substrate. 

2. A light emitting element according to claim 1, 
wherein: 

45 

said substrate is of gallium oxides represented 
by: 



50 (Al x ln Y Ga( 1 . x . Y) ) 2 0 3 

where O^x^t, 0^y^1 and 0^x+y^1. 

3. A light emitting element according to claim 1, 
55 wherein: 

said pn-junction includes first conductivity type 
said substrate, and GaN system compound 
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semiconductor thin film of second conductivity 
type opposite to the first conductivity type. 

4. A light emitting element according to claim 1, 
wherein: 

said pn-junction includes first conductivity type 
GaN system compound semiconductor thin film 
formed on first conductivity type said substrate, 
and GaN system compound semiconductor 
thin film of second conductivity type opposite to 
the first conductivity type. 

5. A light emitting element according to claim 4, 
wherein: 

said first conductivity type GaN system com- 
pound semiconductor thin film includes first 
conductivity type GaN system compound sem- 
iconductor thin film with a first predetermined 
bandgap energy, and first conductivity type 
GaN system compound semiconductorthin film 
with a second predetermined bandgap energy 
smaller than said first predetermined bandgap 
energy; and 

said second conductivity type GaN system 
compound semiconductor thin film has a third 
predetermined bandgap energy greater than 
said second predetermined bandgap energy. 

6. A light emitting element according to claim 5, 
wherein: 

said first conductivity type GaN system com- 
pound semiconductorthin film with the first pre- 
determined bandgap energy is of one material 
selected from ^Ga^N, GaN and A^Ga 1ab N, 
where 0<a<1 and 0<b<1 ; 
said first conductivity type GaN system com- 
pound semiconductorthin film with the second 
predetermined bandgap energy is of 
^Ga^N, where 0<c<1 and a<c; and 
said second conductivity type GaN system 
compound semiconductor thin film with the 
third predetermined bandgap is of one material 
selected from GaN and Al d Ga.,. d N, where 
0<d<1 . 

7. A light emitting element, comprising: 

a single crystal substrate of oxides including 
gallium as the major component; and 
compound semiconductor thin film formed on 
said single crystal substrate. 

8. A light emitting element according to claim 7, 
wherein: 



said substrate is conductive and transmits vis- 
ible light and ultraviolet light. 

9. A light emitting element according to claim 7, 
s wherein: 

said compound semiconductor thin film is of 
lll-V group compound. 

10 10. A light emitting element according to claim 7, 
wherein: 

said compound semiconductor thin film is of 
ll-VI group compound. 

15 

11. A light emitting element according to claim 7, 
wherein: 

said substrate has n-type conductivity; and 
20 said compound semiconductor thin film has p- 

type conductivity. 

12. A light emitting element according to claim 7, 
wherein: 

25 

said substrate has p-type conductivity; and 
said compound semiconductor thin film has n- 
type conductivity. 

30 13. A light emitting element according to claim 7, 
wherein: 

said substrate is of Ga 2 0 3 system single crys- 
tal. 

35 

14. A light emitting element according to claim 7, 
wherein: 

said substrate is of (101) face Ga 2 0 3 system 
^0 single crystal; and 

said compound semiconductor thin film is of 
GaN formed on said (101) face Ga 2 0 3 system 
single crystal. 

45 15. A light emitting element according to claim 7, 
wherein: 

at least one of said substrate and said com- 
pound semiconductorthin film includes a com- 
50 ponent to adjust the lattice constant, the lattice 

constant 

16. A light emitting element according to claim 15, 
wherein: 

55 

said component is of one or more selected from 
the group of Cu, Ag, Zn, Cd, Al, In, Si, Ge and 
Sn. 
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17. A light emitting element according to claim 7, 
wherein: 

said compound semiconductor thin film in- 
cludes one or more n-type conductivity layer 5 
and one or more p-type conductivity layer. 

18. A light emitting element according to claim 9, 
wherein: 

10 

said compound semiconductor thin film in- 
cludes V group element the atom arrangement 
of which is nearly identical to that of oxygen at- 
om included in said substrate. 

15 

19. A method of making a light emitting element, com- 
prising the steps of: 

growing a single crystal substrate including gal- 
lium as the major component by EFG (Edge- 20 
defined film Fed Growth) method where, in a 
high -temperature vessel of a controlled atmos- 
phere, using a slit die that allows source mate- 
rial melt to be continually lifted above the slit die 
through the capillary phenomenon of a slit pro- 25 
vided with the slit die and a crucible that accom- 
modates the slit die and the source material 
melt, single crystal the cross section of which 
has the same shape as the top surface of the 
slit die is grown; and 30 
growing compound semiconductor thin film on 
said substrate. 

20. A method of making a light emitting element, com- 
prising the steps of: 35 

providing single crystalline Ga 2 0 3 system seed 
crystal and non-single crystalline Ga 2 0 3 sys- 
tem material; 

growing a single crystal substrate including gal- 40 
Mum as the major component by FZ (Floating 
Zone) method where said Ga 2 0 3 system seed 
crystal and Ga 2 0 3 system material are contact- 
ed and heated such that said Ga 2 0 3 system 
seed crystal and Ga 2 0 3 system material are 45 
melted at the contacting portion, thereby crys- 
tallize said Ga20 3 system material; and 
growing compound semiconductor thin film on 
said substrate. 



55 



10 



EP 1 367 657 A2 



FIG. 1 




i , -i.. ,i ., - 1, i , , i i i i 1 1 — 

0 50 100 150 200 250 300 

TEMPERATURE (K) 



FIG. 2 




11 



EP 1 367 657 A2 



FIG. 3 



100 

INFRARED HEATING 
SINGLE-CRYSTAL 
GROWING APPARATUS 



r 151 

\ HALOGEN LAMP 
152 

105 — < ELLIPTIC 
HEATER | MIRROR \ 

1 153 \ / 109a 




/ POWER 
V SOURCE 




108' 
SINGLE 
CRYSTAL 
MELT 

108 
^-Ga 2 0 3 " 
SINGLE 
CRYSTAL 




141 

UPPER DRIVE 
SECTION 
142 

• UPPER ROTATING > 104 



SHAFT 
143 

.RAW MATERIAL 
CHACK 

102a 

.ATMOSPHERE 
109 

POLYCRYSTAL 
RAW MATERIAL 



[ RAW MATERIAL 

ROTATION 
\ SECTION 



152 

ELLIPTIC MIRROR 
151 

HOLOGEN LAMP 



107 

'SEED CRYSTAL 




133 

-SEED CHACK 
132 

LOWER 
ROTATING 
SHAFT 



102 

SILICA 

TUBE 



103 
SEED 
ROTATION 
SECTION 



131 

LOWER 
DRIVE 
SECTION 



12 



EP 1 367 657 A2 



FIG. 4 

70 

OXYGEN 
• /ATOM 

O O, 

' o_ 



70 

OXYGEN 
ATOM 



80 

NITROGEN 
ATOM 




80 

NITROGEN 
ATOM 



FIG. 5 



75 

OXYGEN 
ATOM 



75 /■ 
OXYGEN 
ATOM 



80 

NITROGEN 
ATOM 



80 

NITROGEN 
ATOM 




13 



EP 1 367 657 A2 



FIG. 6 



22 

SUSCEPTOR 



27 

SU8STRATE 



21 

REACTION 
VESSEL 



POWER °" 
SOURCE _ 





CONTROL 
SHAFT 



A 

23 

HEATER 



26 

EXHAUST 
SYSTEM 



-txi- 



-C*J- 



■CxJ — i 



-IX- 



NH S 



25 

SILICA 
NOZZLE 



y 



-tx- 



"31 

TMG GAS 
GENERATOR 



-txj- 



"32 

TMA GAS 
GENERATOR 



-fx — 



•33 

TMI GAS 
GENERATOR 



CARRIER GAS 



14 



EP 1 367 657 A2 



FIG. 7 



Ih 

TRANSPARENT 
ELECTRODE 



40 

LIGHT 

EMITTING if 
ELEMENT .BONDING 
U WIRE 



le 

BALL> 




Ic 

BONDING ELECTRODE 
lb 

•p-GaN LAYER 



n-GaN LAYER 



SUBSTRATE 



FIG. 8 



n-ELECTRODE 



40 

LIGHT 

EMITTING 

ELEMENT 



lh 

TRANSPARENT 
ELECTRODE 



BALL 



If 

BONDING 
WIRE 
Ic 




\L /BONDING ELECTRODE 

p-GaN LAYER 
la 

n-GaN LAYER 



Afi„G»- x N BUFFER LAYER 
(0£x£1) 



SUBSTRATE 



n-ELECTRODE 



15 



EP 1 367 657 A2 



FIG. 9 



Ga^N. 
PER 
ER 
XSSI) 



OUTPUT ~W 
LIGHT jj 




40 

LIGHT 

EMITTING 

ELEMENT 





/yy/ys/y/y./y 


y 






/ 
/ 


< 









7 



61 

EMITTED 
LIGHT 



61 

EMITTED 
LIGHT 



50 
PRINTED 
CIRCUIT 
BOARD 



49 

■BONDING 
WIRE 
47 

BONDING ELECTRODE 
.45 

TRANSPARENT ELECTRODE 
44 

p-GaN LAYER 
•43 

n-GaN LAYER 
-41 

GaA SUBSTRATE 
46 

n-ELECTRODE 

51 • 
METAL 
PASTE 



16 



EP 1 367 657 A2 




EP 1 367 657 A2 



FIG. 11 



56 

LIGHT- 
EMITTING 



60 

OUTPUK a 
LIGHT V\ 

45 

TRANSPARENT 
ELECTRODE 



40 

LIGHT 
EMITTING 
ELEMENT 



42 

Afl y Ga,_ y N 
BUFFER 
LAYER 

(osysi) 




( L 0 A Jm<l)\K^S^ 



49 

BONDING 
WIRE 

47 

'BONDING ELECTRODE 
57 

P-AKGan, CLADDING LAYER 
*(0SP<1,P>Z) 

55 

"n-A* ,w 
(0£z<1) 

41 

Ga z 0 3 SUBSTRATE 
•46 

n-ELECTRODE 



'n-A5,Ga,_ z CLADDING LAYER 



61 

EMITTED 
LIGHT 



61 

EMITTED 
LIGHT 



50 
PRINTED 
CIRCUIT 
BOARD 



51 
METAL 
PASTE 



18 



